1. Introduction {#s1}
===============

Chemotherapy-induced peripheral neuropathy (CIPN) is a dose-limiting neurotoxic effect of many chemotherapeutic agents.^[@R21]^ Chemotherapy-induced peripheral neuropathy presents in patients as stocking-and-glove distribution paresthesia and debilitating pain that often leads to dose reduction during treatment. Advances in treatments have contributed to a 23% decrease in cancer mortality, but thereby also increased the number of cancer survivors who may experience long-lasting side effects.^[@R49]^ Chemotherapy-induced peripheral neuropathy affects approximately 30% of cancer patients at 6 months after treatment cessation.^[@R48]^ Owing to a lack of objective diagnostic criteria for CIPN, the prevalence of CIPN is likely much underestimated.

Although the impact of opioids on cancer progression is contentious, their frequent use for cancer-related pain may increase cancer recurrence and severe adverse events, abuse, and accidental death from overdose.^[@R8]^ A number of experimental modalities (acupuncture and exercise) and agents have demonstrated very limited efficacy for CIPN pain.^[@R38]^ Therefore, alternative treatments for CIPN pain are urgently needed. In particular, no available treatment can prevent incapacitating CIPN pain.^[@R21]^ One potential option is spinal cord stimulation (SCS), which has shown efficacy for treating refractory neuropathic pain conditions.^[@R41]^ Traditional SCS primarily targets the dorsal columns and activates both spinal and supraspinal neurophysiologic mechanisms to induce pain inhibition.^[@R33],[@R51]^ Intriguingly, recent case reports suggested that SCS might be beneficial for alleviating established CIPN pain.^[@R5],[@R43]^ Nevertheless, little is known about the efficacy or mechanisms of SCS for CIPN pain, especially whether it can be used for prevention.

When neuropathic pain has established, prolonged central sensitization may correlate with poor response to SCS.^[@R52]^ However, SCS applied early after injury may be more effective than later treatment, as shown in animal models and in the clinic.^[@R28],[@R59]^ Furthermore, traditional SCS can acutely inhibit both short-form neuronal sensitization (wind-up) and long-term potentiation (LTP) in dorsal horn neurons, important spinal neurophysiologic mechanisms that may underlie chronic pain development.^[@R17],[@R60],[@R61]^ Accordingly, we postulate that SCS introduced early during the initiation of chemotherapy may attenuate the development of CIPN pain.

Paclitaxel is a chemotherapeutic agent commonly used to treat solid tumors (eg, ovarian, breast, and lung cancer). Its major dose-limiting toxicity is debilitating painful peripheral neuropathy, but the underlying mechanisms are not fully known.^[@R48]^ Previous studies focused on single nucleotide polymorphisms associated with paclitaxel-induced peripheral neuropathy (PIPN).^[@R3],[@R29]^ Yet, no study has evaluated broad changes in spinal gene expression with any form of CIPN. In addition to attenuating neuronal hyperexcitability, recent studies unraveled that SCS may induce broad changes in gene expression in the spinal cord after nerve injury.^[@R55],[@R57]^ To develop new therapies for CIPN pain, it is important to identify gene networks and molecular pathways that are altered by CIPN, as well as those modulated by SCS. Accordingly, we examined PIPN-related pain behavior and conducted RNA sequencing (RNA-seq) in male rats that received repetitive SCS during the development of PIPN. We hypothesized that SCS during chemotherapy treatment would broadly alter long-term gene expression in the spinal cord and attenuate PIPN pain development.

2. Materials and methods {#s2}
========================

2.1. Animals {#s2-1}
------------

Adult male rats (n = 34; starting weight 350--400 g; Envigo, Indianapolis, IN) were allowed to acclimate for a minimum of 48 hours before any experimental procedure. The rats were housed separately after SCS electrode implantation and were given access to food and water ad libitum. All procedures involving animals were reviewed and approved by the Johns Hopkins Animal Care and Use Committee and were performed in accordance with the NIH *Guide for the Care and Use of Laboratory Animals*.

2.2. Behavioral testing {#s2-2}
-----------------------

### 2.2.1. Mechanical sensitivity test {#s2-2-1}

All behavioral assays were conducted by an observer who was blinded to drug or SCS condition.

Animals were placed in individual Plexiglas cages with a wire mesh floor and allowed to acclimate for 1 hour. Mechanical hypersensitivity was measured with the up-down method by applying von Frey monofilaments to the midplantar surface of the hind paws as previously described.^[@R50]^ A series of von Frey monofilaments (0.38, 0.57, 1.23, 1.83, 3.66, 5.93, 9.13, and 13.1 g) was applied between the footpads on the plantar surface of each hind paw for 4 to 6 seconds. Monofilaments with increasing force were applied until a positive response was observed (eg, abrupt paw withdrawal, shaking, and licking). When a positive response was observed, the monofilament with the next lower force was applied. If a negative response was observed, the next higher force was used. The test continued until (1) 5 filament applications had been completed after a positive test was observed, or (2) the upper or lower end of the von Frey monofilament set was reached. The paw withdrawal threshold (PWT) was determined according to the formula provided by Dixon.^[@R12]^

### 2.2.2. Cold sensitivity test {#s2-2-2}

The cold plantar assay was used to evaluate noxious cold sensitivity.^[@R4]^ Briefly, animals were placed individually into clear acrylic containers separated by white opaque dividers on a 3/16″ glass plate and allowed to acclimate for 20 minutes before being tested. Powdered dry ice in a cutoff 10-mL syringe was held against the glass beneath the hind paw until the paw was withdrawn. Applications were repeated at 5-minute intervals, alternating paws, for a total of 4 trials. The mean paw withdrawal latency (PWL) was calculated. To avoid potential tissue damage, the cutoff time was set to 45 seconds.

### 2.2.3. Open field test {#s2-2-3}

The open-field test was used to assess the effect of CIPN and SCS on spontaneous exploration and locomotor activity as described in a previous study.^[@R58]^ Rats were placed in an open-field chamber (73 × 45-cm rectangular plastic box with a wall height of 33 cm) for 10 minutes. We analyzed the parameters of total distance traveled, number of center crossings, mean travel speed, and number of entries at the border and internal periphery in video recordings using SMART 3 software (Panlab Harvard Apparatus, Barcelona, Spain).

2.3. Drug treatment {#s2-3}
-------------------

Paclitaxel is usually administered at a dose of 1 to 2 mg/kg on alternate days for inducing the CIPN model.^[@R7],[@R22]^ At these doses, animal health is not debilitated and normal weight gain is maintained; however, animals display robust hypersensitivity to mechanical and cold stimuli.^[@R7],[@R22]^ After habituation to the test environments and baseline measurements of pain sensitivity, all rats were injected intraperitoneally (i.p.) on days 1, 3, 5, and 7 with either vehicle (dimethyl sulfoxide, 70% ethanol, and 0.9% saline) or paclitaxel (1.5 mg/kg). The injection concentration was 1.5 mg/mL in a mixture containing dimethyl sulfoxide, 70% ethanol, and 0.9% saline (T7402; Sigma-Aldrich, St. Louis, MO, Fig. [1](#F1){ref-type="fig"}A). The cumulative paclitaxel dose was 6 mg/kg. When an injection was to be given on the same day as behavioral testing, all rats were injected after the measurements were taken, but before SCS treatment for the day.

![Experimental protocol and placement of SCS. (A) Experimental protocol. Rats in the SCS + paclitaxel (PTX) group (n = 11) received the same SCS (blue bar, 50 Hz, 80% motor threshold \[MoT\], 0.2 ms, constant current, 6 to 8 hours/session) from day 0 to day 13. Motor thresholds were measured at 4-Hz stimulation (0.2 ms). Paclitaxel (1.5 mg/kg) was administered on days 1, 3, 5, and 7 to the SCS + paclitaxel (n = 11) and paclitaxel (n = 13) rats. (B) Left: the miniature SCS lead (Medtronic); Middle: CT scan of a rat shows an implanted quadripolar lead at T10-T12 vertebral level (∼T13-L1 spinal cord). Right: the other end of the lead is connected to an external stimulator. (C) Schematic diagram of the experimental setup for SCS in vivo. CIPN, chemotherapy-induced peripheral neuropathy; SCS, spinal cord stimulation.](painreports-4-e785-g001){#F1}

2.4. Electrode placement and spinal cord stimulation treatment {#s2-4}
--------------------------------------------------------------

A sterile, quadripolar SCS electrode (Medtronic, Inc, Minneapolis, MN) that mimics clinical SCS was placed at the dorsal spinal cord of each rat (Fig. [1](#F1){ref-type="fig"}B, C), as described in previous studies and was validated in rats.^[@R50],[@R62]^ Briefly, with rats under isoflurane anesthesia, we performed a laminectomy at the T13 vertebral level and inserted the electrode epidurally in the rostral direction. The position of the electrode was adjusted so that the contacts were at the T13-L1 spinal cord level, which corresponds to the lower thoracic-upper lumbar region (Fig. [1](#F1){ref-type="fig"}B, C). The paddle electrode was sutured to muscle to secure its position, and the proximal end was tunneled subcutaneously until it exited the animal at the top of its head for later connection to an external neurostimulator (Model 2100; A-M Systems, Sequim, WA). Rats that exhibited signs of spinal cord injury, poor lead placement, or damaged electrodes were euthanized and excluded from subsequent studies. In twin-pairs SCS (Fig. [1](#F1){ref-type="fig"}C), the first and third contacts of the lead from the rostral direction were set as anodes (+), and the second and fourth were set as cathodes (−). Traditional SCS (50 Hz, 0.2 ms, constant current, 6--8 h/session, daily) was applied at an intensity that activated low-threshold A fibers (80% motor threshold \[MoT\]), as described in previous studies.^[@R50],[@R62]^ Before SCS each day, the MoT for each animal was determined by slowly increasing the current amplitude from zero, until muscle contraction in the midlower trunk or hind limbs was observed in response to 4-Hz stimulation at 0.2-ms pulse width.

2.5. RNA-seq {#s2-5}
------------

### 2.5.1. RNA isolation {#s2-5-1}

Frozen spinal cord tissues were submerged in Trizol and homogenized in a Dounce homogenizer. Total RNA was extracted from the aqueous phase with the Quick-RNA Plus kit (Zymo, Irvine, CA) according to manufacturer instructions with on-column DNase I digestion. RNA quantity was measured by the Qubit RNA BR Assay Kit (ThermoScientific, Waltham, MA), and RNA integrity was assessed by the Bioanalyzer RNA Nano Eukaryote kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).

### 2.5.2. RNA-seq library construction and sequencing {#s2-5-2}

We used 1 μg of total RNA per sample to construct sequencing libraries (n = 1 rat/sample) as in our previous study.^[@R55]^ Strand-specific RNA libraries were prepared by using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA) after poly(A) selection by the NEBNext poly(A) mRNA Isolation Module (New England Biolabs) according to the manufacturer\'s instructions. Samples were barcoded by using the recommended NEBNext Multiplex Oligos (New England Biolabs). Size range and quality of libraries were verified on the Agilent 2100 Bioanalyzer (Agilent Technologies). RNA-seq libraries were quantified by quantitative real-time polymerase chain reaction (qPCR) with the NEBNext Library Quant Kit for Illumina (New England Biolabs). Each library was normalized to 2 nM and pooled in equimolar concentrations. Paired-end × 100 sequencing was performed on an Illumina HiSeq 4000 (Illumina, San Diego, CA). Libraries were pooled and sequenced in 3 lanes of one HiSeq 4000 flow cell to an average depth of 36.7 million reads per sample.

2.6. Validation of RNA-seq by quantitative real-time polymerase chain reaction {#s2-6}
------------------------------------------------------------------------------

We used qPCR to confirm the relationship of gene expression trends in selected genes of paclitaxel + Sham SCS and paclitaxel + SCS groups. The first-strand cDNA synthesis from 2 µg total RNA in a 20-μL reaction was performed using random hexamer primers and the SuperScript IV Reverse Transcriptase (ThermoFisher Scientific) according to manufacturer\'s instructions. cDNA was diluted 1:10 with nuclease-free water and stored at −20°C. mRNA sequence for each gene was retrieved from NCBI. Forward and reverse primers for each gene were designed using the PrimerQuest Tool (IDT, Coralville, Iowa) to span one or more introns. Primers were obtained through Integrated DNA Technologies (IDT) and sequences are provided in Table [1](#T1){ref-type="table"}. Each 20-μL qPCR reaction consisted of 10ul 2X Power SYBR Green Master Mix (Thermo Fisher Scientific), 200 nM each forward and reverse primer, and 2-μL diluted cDNA. Polymerase chain reaction of each target was performed using the 7900HT Fast Real-Time PCR system (Applied Biosystems, Waltham, MA) with the following thermocycling conditions: initial denaturation at 95°C for 10 minutes followed by 40 cycles of 95°C for 10 seconds and 60°C for 60 seconds. Each sample was run in triplicate for each target gene. Nuclease-free water was included in each plate as a no-template control. Polymerase chain reaction efficiencies of each primer set were determined using the slope of standard curves constructed with Cq values obtained from 5-fold serial dilutions of pooled cDNA from tissue of each group (eg, paclitaxel + Sham SCS, and paclitaxel + SCS). The efficiency was calculated using the formula: E = 10 − 1/slope. Dissociation curve analysis was used to identify amplification of nonspecific products including primer dimers. *Sdha* was selected as the endogenous control for relative gene expression calculations of each target gene.

###### 

List of primers used for qPCR validation.
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2.7. Experimental design {#s2-7}
------------------------

Rats were randomized to 1 of 4 groups: (1) no treatment (Naive, n = 6), (2) paclitaxel only (paclitaxel; n = 7), (3) paclitaxel with electrode placement (Sham SCS + paclitaxel; n = 6), and (4) paclitaxel with active SCS (SCS + paclitaxel; n = 11). Pain behaviors were assessed in all animals before any experimental procedure (day 0). All behavioral assays were conducted by an observer who was blinded to treatment condition. Rats randomized to the Sham SCS + paclitaxel and SCS + paclitaxel groups were implanted with an SCS electrode on Day −10, and the SCS + paclitaxel group received SCS (50 Hz, 80% MoT, 0.2 ms, constant current, 6--8 h/session per day for 14 consecutive days on days 0--13 (Fig. [1](#F1){ref-type="fig"}A). Sham SCS occurred in the same environment with the leads connected to the stimulator without transmission of any electric power. Seventeen days after the last SCS treatment (ie, day 30), all animals were euthanized by overdose of isoflurane. The lumbar spinal cord (L3--L6) was harvested and flash frozen on dry ice until RNA was extracted. As RNA-seq and qPCR are exquisitely sensitive tools for measuring gene expression and variations may be caused by nonuniform separation of the dorsal and ventral spinal cord, we chose to examine the whole spinal cord segment in these experiments.

2.8. Statistical analysis {#s2-8}
-------------------------

We analyzed animal behavior data using GraphPad Prism 7.0 software and compared data from mechanical allodynia and cold allodynia tests using two-way mixed-model analysis of variance (ANOVA) followed by Bonferroni *post hoc* test. Area under the curve was calculated by the trapezoid rule and compared with a two-way mixed-model ANOVA followed by Bonferroni\'s *post hoc* test. The data for the open-field test assays, total distance traveled, and number of center crossings were analyzed using Kruskal--Wallis one-way ANOVA followed by Dunn *post hoc* test. Body weight data were compared by using a two-way mixed-model ANOVA followed by Bonferroni *post hoc* test. The criterion level for determination of significance was set at *P* \< 0.05. No outlier data were removed. Animal behavioral data are presented as mean ± SD.

Sequencing reads were aligned to annotated RefSeq genes of the rat reference genome (rn6) using HISAT2, filtered to remove ribosomal RNA, and visualized using the Integrative Genomics Viewer.^[@R26],[@R45]^ A gene count matrix that contained raw transcript counts for uniquely mapped reads to each annotated gene was generated by using the featureCounts function of Subread.^[@R32]^ This count matrix was then filtered for no count genes so that only those genes with \>0 reads in at least one sample were retained. To identify genes that were differentially regulated after nerve injury, we normalized and log~2~ transformed transcript counts using the default normalization procedures in DESeq2.^[@R37]^ This analysis identified differentially expressed genes between (1) Sham SCS + paclitaxel and SCS + paclitaxel, and between (2) Sham SCS + paclitaxel and Naive groups. All downstream analyses of RNA-seq data were performed on data obtained from DESeq2, which implements the procedures of Benjamini and Hochberg to adjust the *P*-value for multiple comparisons.^[@R32]^ Unless otherwise stated, an adjusted *P*-value (ie, false discovery rate \[FDR\]) \< 0.05 was used to define differential expression in pairwise comparisons. We then included genes differentially expressed between the Sham SCS + paclitaxel and SCS + paclitaxel groups in gene ontology (GO) analysis to infer their functional roles and relationships. Gene ontology analysis for enriched GO biological processes in each set of differentially enriched genes identified by DESeq2 was performed with ToppGeneSuite (<https://toppgene.cchmc.org>).^[@R6]^ The International Union of Basic and Clinical Pharmacology (IUPHAR) database (<http://www.guidetopharmacology.org>) was used to assign categories to gene products.^[@R18]^ Raw and processed sequencing data are available in the NCBI GEO database under accession \#GSE132491.

For qPCR, default settings were used to define quantification cycle (Cq) values using SDS software version 2.4.1 (Applied Biosystems). The Cq values were averaged over 3 replicates. If the SD of this average was \>0.20, the outlying replicate was removed and the Cq was averaged over the 2 remaining technical replicates. The 2^−ΔΔCT^ method was used to convert Cq values into relative gene expression for each gene.^[@R36]^

3. Results {#s3}
==========

3.1. Overall health status of the animals {#s3-1}
-----------------------------------------

All rats survived until the end of the study with the exception of 3 rats from the SCS + paclitaxel group and one rat from the Sham SCS + paclitaxel group. These rats were all noted to have had spinal cord injury, poor lead placement, or damaged electrodes, and were euthanized before the start of the experiments; thus, there are no data from these animals. All rats used in analysis survived until the end of the study and seemed healthy.

3.2. Spinal cord stimulation attenuated the development of mechanical hypersensitivity associated with paclitaxel-induced peripheral neuropathy {#s3-2}
-----------------------------------------------------------------------------------------------------------------------------------------------

All rats in the SCS + paclitaxel (n = 11), Sham SCS + paclitaxel (n = 6), and paclitaxel only (n = 7) groups developed mechanical hypersensitivity by 1 week after the first paclitaxel dose, as indicated by the significant decrease in PWT from baseline (Fig. [2](#F2){ref-type="fig"}A). The Sham SCS + paclitaxel (n = 6) and the paclitaxel only (n = 7) groups showed no statistical differences at any time point in behavioral assays (days 0, 1, 3, 5, 7, 9, 11, 13, 15, 29, and 25; *P* \> 0.05). Therefore, behavior data from these 2 groups were combined to form a larger composite single paclitaxel group (n = 13) for the analysis.

![Effects of preemptive SCS on animal pain behavior after paclitaxel treatment. (A) Changes in the paw withdrawal threshold to mechanical stimuli from pre-SCS to day 25 and area under the curve (AUC) for 3 periods (early SCS: days 0--7, late SCS: days 7--13, post SCS: days 13--25). Paclitaxel (PTX; 1.5 mg/kg, i.p.) was injected on days 1, 3, 5, and 7 (red bar; SCS + PTX, n = 11; PTX, n = 13). The SCS + paclitaxel group received paclitaxel treatment and 8 hours of stimulation (50 Hz, 80% MoT)/day from day 0 to day 13 (blue bar). Naive rats (n = 6) received vehicle. (B) Paw withdrawal latency to cold stimulation (dry ice) applied to the plantar side of the hind paw. (C) Body weight. Two-way mixed-model ANOVA followed by Bonferroni post hoc test to compare specific data points. Data are expressed as mean + SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\**P* \< 0.001 vs Naive; \#*P* \< 0.05, \#\#*P* \< 0.01; \#\#\#*P* \< 0.001 paclitaxel vs SCS + paclitaxel. ANOVA, analysis of variance; MoT, motor threshold; SCS, spinal cord stimulation.](painreports-4-e785-g003){#F2}

Compared to the naive group, rats that received only paclitaxel showed significant and lasting mechanical hypersensitivity that peaked at day 11 and lasted at least till day 25 (*P* \< 0.001, Fig. [2](#F2){ref-type="fig"}A). Area under the curve revealed a significant decrease in PWT of rats both during and after paclitaxel treatment, as compared to that in the naive group (days 7--13: *P* = 0.004; days 13--25: *P* \< 0.001; Fig. [2](#F2){ref-type="fig"}A). Importantly, SCS treatment significantly inhibited the development of paclitaxel-induced mechanical hypersensitivity (paclitaxel vs SCS + paclitaxel: day 11, *P* \< 0.001; day 13, *P* \< 0.001; day 15, *P* = 0.002; day 20, *P* = 0.03; day 25, *P* = 0.01). Area under the curve also showed that SCS treatment partially prevented the decrease in PWT after paclitaxel treatment (paclitaxel vs SCS + paclitaxel: days 13--25, *P* = 0.004). Spinal cord stimulation treatment did not completely block PIPN-induced mechanical hypersensitivity because PWTs in the SCS + paclitaxel group remained significantly lower than those of naive rats (day 11, *P* = 0.009; day 15, *P* = 0.02; day 20, *P* = 0.005; day 25, *P* = 0.004).

3.3. Spinal cord stimulation prevented the development of cold hypersensitivity after paclitaxel-induced peripheral neuropathy {#s3-3}
------------------------------------------------------------------------------------------------------------------------------

Rats that received paclitaxel exhibited significantly shorter PWL to cold stimulation than did naive rats (day 16, *P* \< 0.001; day 21, *P* \< 0.001; day 26, *P* = 0.002; Fig. [2](#F2){ref-type="fig"}B). However, rats that received SCS during paclitaxel treatment did not display cold hypersensitivity, an effect that was sustained for at least 13 days after SCS had ceased (paclitaxel vs SCS + paclitaxel: day 16, *P* \< 0.001; day 21, *P* \< 0.001; day 26, *P* \< 0.001). Strikingly, PWLs did not differ significantly between SCS + paclitaxel and naive rats (day 16, *P* \> 0.99; day 21, *P* \> 0.99; day 26, *P* \> 0.99; Fig. [2](#F2){ref-type="fig"}B), suggesting a complete block of PIPN-associated cold hypersensitivity by SCS.

Body weight was measured to monitor whether the paclitaxel dosing, lead implantation, or stimulation interfered with normal growth and overall health status. Body weight averaged 367.9 ± 36.1 g (n = 11) for the SCS + paclitaxel group, 354.9 ± 60.8 g (n = 13) for the paclitaxel group, and 349.0 ± 24.1 g (n = 6) for the Naive group at baseline. Animals in all groups continued to gain weight normally, and there was no significant difference in the average weight or the amount of weight gain between groups during the 30-day testing period (days 0, 15, 30: *P* \> 0.05, Fig. [2](#F2){ref-type="fig"}C).

3.4. Spinal cord stimulation and paclitaxel did not impair locomotor function {#s3-4}
-----------------------------------------------------------------------------

In open-field testing, we observed no significant differences in the total distance traveled (Naive vs paclitaxel: *P* = 0.54; paclitaxel vs SCS + paclitaxel: *P* \> 0.99; Naive vs SCS + paclitaxel: *P* \> 0.99; Fig. [3](#F3){ref-type="fig"}A, B), number of center crossings (Naive vs paclitaxel: *P* \> 0.99; paclitaxel vs SCS + paclitaxel: *P* = 0.14; Naive vs SCS + paclitaxel: *P* \> 0.99; Fig. [3](#F3){ref-type="fig"}C), mean travel speed, or number of entries at the border and internal periphery (data not shown) among the 3 groups. These findings suggest that neither paclitaxel nor SCS significantly affects normal activity level, gross locomotion, or exploration habits compared to those in naive rats.

![Open-field exploration. (A) Examples of rat exploration activity (10 minutes) in the open-field test at 2 weeks after paclitaxel (PTX) or SCS + paclitaxel. (B and C) Paclitaxel and SCS did not significantly change the total distance traveled (B) or the number of center crossings (C). SCS + paclitaxel, n = 11; paclitaxel, n = 13; Naive, n = 6. Kruskal--Wallis one-way ANOVA followed by Dunn post hoc test. Data are expressed as median + 95% confidence interval. Differences between groups were not statistically significant (*P* \> 0.05). ANOVA, analysis of variance; SCS, spinal cord stimulation.](painreports-4-e785-g004){#F3}

3.5. Comparisons of gene expression profiles in the spinal cord of naive, sham spinal cord stimulation + paclitaxel, and spinal cord stimulation + paclitaxel rats {#s3-5}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Because spinal segmental mechanisms are important for pain inhibition by SCS, we conducted RNA-seq to examine differential gene expression in the lumbar spinal cord from naive (n = 3), Sham SCS + paclitaxel (n = 5), and SCS + paclitaxel (n = 3) rats. Because our primary goal was to elucidate gene expression changes that may drive pain phenotype differentiation between Sham SCS + paclitaxel and SCS + paclitaxel rats, we did not include the paclitaxel only group in RNA-seq analysis. Because SCS electrodes were placed several weeks before tissue harvest and previous work demonstrated no major difference between naive and naive + Sham SCS group in RNA-seq analysis,^[@R57]^ naive + Sham SCS group was not included in this study. To examine the long-lasting changes in gene expression induced by SCS, spinal cord tissues were obtained from rats on day 30 (23 days after the last dose of paclitaxel and 17 days after the last SCS treatment) for RNA-seq. Principal component analysis showed separation of the transcriptomes from rats among these 3 groups (Fig. [4](#F4){ref-type="fig"}A). In comparison with naive rats, the lumbar spinal cord from Sham SCS + paclitaxel rats differentially expressed 121 (0.8%) genes (FDR \< 0.05; Fig. [4](#F4){ref-type="fig"}B, upper). Of these 121 differentially expressed genes, 111 (91.7%) were upregulated and 10 (8.3%) were downregulated with Sham SCS + paclitaxel. In addition, 57 of the 121 genes could be classified into different gene classes (ie, transporters, enzymes, G-protein-coupled receptors, ion channels, catalytic receptors, and transcription factors) as defined by IUPHAR (Fig. [4](#F4){ref-type="fig"}C). Mean normalized counts, relative fold change of specific genes, and the composition of these gene classes are shown in supplemental figure 1 (available at <http://links.lww.com/PR9/A52>).

![Changes in gene expression in the lumbar spinal cord after paclitaxel and SCS. (A) Principal component analysis of libraries sequenced for RNA-seq. (B) MA-plots showing normalized mean counts (ie, average of normalized read counts across all samples) and log~2~ fold changes from RNA-seq data of L3-L6 spinal cord in paclitaxel (PTX)-treated rats with sham SCS vs Naive rats (TOP), and PTX-treated rats with SCS vs sham SCS (BOTTOM). DEGs are designated in red and are defined as differentially expressed genes with a false discovery rate \<0.05. (C) Top: bar plot showing the numbers of differentially expressed genes upregulated and downregulated by gene class as defined by the IUPHAR. Bottom: relative expression levels for each rat are shown for each gene class represented in the bar plot. Upregulated and downregulated genes are colored in yellow and orange, respectively. Horizontal bars indicate group assignment for each rat. GPCRs, G-protein-coupled receptors; IUPHAR, International Union of Basic and Clinical Pharmacology; ICs, ion channels; SCS, spinal cord stimulation; TFs, transcription factors.](painreports-4-e785-g005){#F4}

In comparison with the Sham SCS + paclitaxel group, the SCS + paclitaxel rats differentially expressed 1,066 (7.4%) genes (FDR \< 0.05, Fig. [4](#F4){ref-type="fig"}B, lower), of which 836 (78.4%) were upregulated and 230 (21.6%) were downregulated with SCS. The most significantly upregulated and downregulated genes in SCS + paclitaxel-treated rats are listed in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, respectively. Of the 1,066 differentially expressed genes, 294 could be classified into several gene classes (ie, transporters, enzymes, G-protein-coupled receptors, ion channels, catalytic receptors, and transcription factors) as defined by IUPHAR (Fig. [4](#F4){ref-type="fig"}C). Mean normalized counts and relative fold change of specific genes that compose each of these gene classes are shown in supplemental figure 2 (available at <http://links.lww.com/PR9/A52>).

###### 

Top 25 upregulated genes in SCS + PTX rats by FDR (within the 11th percentile for all significantly upregulated genes).

![](painreports-4-e785-g006)

###### 

Top 25 downregulated genes in SCS + PTX rats by FDR (within the 11th percentile for all significantly downregulated genes).

![](painreports-4-e785-g007)

We conducted a technical validation of 11 genes related to regulation of synaptic plasticity (GO Biologic Process: 0048167) by qPCR. We evaluated several housekeeping genes and identified *Sdha* as an appropriate endogenous control gene because it showed stable gene expression among Sham SCS + paclitaxel and SCS + paclitaxel rats. These 11 genes were downregulated on RNA sequencing and this trend was confirmed with qPCR (supplemental figure 3, available at <http://links.lww.com/PR9/A52>).

Gene ontology analysis of the genes upregulated in the SCS + paclitaxel vs those in the Sham SCS + paclitaxel group showed significant enrichment among a variety of immune-related biological processes (Fig. [5](#F5){ref-type="fig"}; supplemental tables 1--3, available at <http://links.lww.com/PR9/A51>). Intriguingly, GO analysis of the downregulated transcripts in the same group comparison showed significant enrichment among genes involved in neurotransmitter transport, synaptic transmission, synapse organization, calcium ion transmembrane transport, and microglial cell activation (Fig. [6](#F6){ref-type="fig"}).

![Gene ontology (GO) analysis of differentially expressed genes that are upregulated with SCS. Left: the top 20 GO biological processes associated with genes upregulated in the SCS + paclitaxel group as compared to levels in the Sham SCS + paclitaxel group (false discovery rate \[FDR\] \< 0.05) as ranked by *P*-value. Right: heatmap of selected upregulated genes associated with multiple overrepresented GO biological processes. Data shown are relative expression (ie, log~2~FC), mean normalized transcript abundance across all samples (ie, log~10~(count + 1)), and statistical significance level (ie, −log~10~*P*-value). SCS, spinal cord stimulation.](painreports-4-e785-g008){#F5}

![Gene ontology (GO) analysis of differentially expressed genes that are downregulated with SCS. Left: The top 20 GO biological processes associated with genes downregulated in SCS + paclitaxel group as compared to levels in the Sham SCS + paclitaxel group (false discovery rate \[FDR\] \< 0.05) as ranked by *P*-value. Right: heatmap of selected downregulated genes associated with the first overrepresented GO biological process. Data shown are relative expression (ie, log~2~FC), mean normalized transcript abundance across all samples (ie, log~10~(count + 1)), and statistical significance level (ie, −log~10~*P*-value)). SCS, spinal cord stimulation.](painreports-4-e785-g009){#F6}

4. Discussion {#s4}
=============

Traditional SCS induces pain inhibition by applying tonic electrical stimulation (40--80 Hz) that activates spinal cord dorsal columns. By using parameters and electrodes to mimic clinical application of SCS,^[@R50],[@R62]^ we showed for the first time that SCS inhibited the development of PIPN-pain related behaviors in male rats. Furthermore, RNA-seq revealed broad changes in spinal gene expression after paclitaxel and SCS treatment.

Mechanical and cold hypersensitivities are consistently reported by CIPN patients, for which there is no effective treatment.^[@R16]^ Paclitaxel-induced peripheral neuropathy rats that underwent electrode placement developed both mechanical and cold hypersensitivities similar to rats that received only paclitaxel, and to those in previous reports.^[@R22],[@R44]^ Importantly, preemptive SCS significantly attenuated the development of PIPN-related pain behaviors. It has been shown that SCS provides only short-lived relief of established cold allodynia.^[@R2],[@R53]^ However, applying SCS before and during paclitaxel administration completely prevented the development of cold hypersensitivity in the current study. The reduction in mechanical hypersensitivity also persisted for at least 2 weeks after SCS. These findings differ from the short-term effects reported when SCS was examined in rats with established neuropathic pain.^[@R9]^ Similarly, human trials of SCS with a crossover design that compare various waveforms often use short washout periods of days or less in duration.^[@R27]^ Intriguingly, preemptive SCS may also exert therapeutic effects on ischemia-related conditions.^[@R14],[@R34],[@R54]^ Nevertheless, PIPN rats that received SCS still showed mechanical hypersensitivity from day 5 to 25. Thus, optimizing the SCS protocol (eg, 24 h/d SCS throughout the course of paclitaxel administration), alternating waveforms (eg, burst or "high dose" SCS), or adjuvant pharmacologic treatments may be tested to improve its effectiveness.^[@R10],[@R33]^ We did not measure heat hypersensitivity because this is not a symptom consistently reported by CIPN patients.^[@R21],[@R49]^ The equivalence in total distance traveled among the 3 groups in the open-field test indicates that paclitaxel and SCS did not severely impair the animals\' locomotor function or exploration behavior.

The mechanisms by which preemptive SCS provides extended reduction of PIPN pain remain to be determined. To identify the genes and pathways that may be involved in PIPN and those related to SCS-induced pain inhibition, we performed RNA-seq of the spinal cord, which is the primary site of action for SCS. Mechanosensation is particularly relevant in peripheral neuropathies such as CIPN.^[@R13]^ Compared to naive rats, we observed upregulation of multiple genes related to mechanosensory function in Sham SCS + paclitaxel rats (eg, *Egr1, Jun, Junb, Ptgs2, Mmp9, Prkcd, Mpo, Fos, Ptprc, Atf3, Sik1, Adamts1, Slc4a1, Tnfrsf11b, Zfp36, Sgk1, and Bcl3*; supplemental figure 1, available at <http://links.lww.com/PR9/A52>), which may contribute to the decreased PWTs after paclitaxel. Neuroimmune responses are associated with neuropathic pain due to diabetic neuropathy and mononeuropathy.^[@R25],[@R46]^ Neuroimmune activity and gliosis in the spinal cord may also be linked to the accompanying CIPN pain.^[@R39]^ In the dorsal root ganglion (DRG), infiltration of macrophages and proinflammatory T cells was observed with PTX administration.^[@R39],[@R64]^ Hyperexcitability of DRG neurons in PIPN has been linked to monocyte chemoattractant protein-1 (MCP-1/CCL2), its receptor CCR2, and toll-like receptor 4 (TLR-4) signaling.^[@R30],[@R31],[@R39],[@R63]^ Despite these findings, immune responses may also function to mediate regeneration and repair and enhance neuroprotection.^[@R1],[@R15],[@R24],[@R55]^ Therefore, the broad impact of changes of immune-related genes in the spinal cord and DRG after SCS in CIPN rats necessitates further inquiry.

In line with previous findings, Sham SCS + paclitaxel rats showed upregulation of astrocyte-related genes (eg, *S100a8, Mt2a*) and one microglia-related gene (*Mmp8*), as compared to naive rats. Concurrent SCS during paclitaxel administration further enhanced immune-related genes, as indicated by increases in astrocyte-related (*Gpr183, Hexb, Manf,* and *Mt2a*) and microglia-related genes (*Csf1, Cx3cr1, Itgam,* and *Nrros, P2rx4*), when compared with levels in the sham SCS group. These findings are consistent with recent observations in peripheral nerve-injury models.^[@R55],[@R57]^ However, these previous studies examined SCS for established mononeuropathies as opposed to preemptive SCS for polyneuropathy prevention in current study. To the best of our knowledge, this is the first report of transcriptome-wide assessment of spinal gene expression after CIPN with SCS. The implications of enhanced spinal glial activity and upregulation of immune-related genes after SCS of PIPN rats are unclear and warrant further investigation.

P2ry12 is a receptor for adenosine diphosphate, which mediates inhibition of adenylyl cyclase. Repetitive SCS may enhance adenosine-related activity, as indicated by increased expression of P2ry12 in paclitaxel-treated rats after SCS. This finding is in line with previous observations that activation of adenosinergic signaling enhanced SCS-induced pain inhibition,^[@R10]^ and A3 adenosine receptor agonist attenuated the neuroinflammatory response and inhibit PIPN.^[@R23]^ Thus, whereas increases in immune-related genes commonly suggest heightening of neuropathic pain, the interaction among components within the neuroimmune system during CIPN remains uncertain, and counteracting changes in expression and function of other gene families may outweigh upregulation. Although we did not observe similar changes in the spinal cord after PIPN, recent work to characterize the nociceptor translatome in a mouse PIPN model has demonstrated broad changes in the regulation of mTORC1 and MNK-eIF4E signaling networks in the DRG.^[@R40]^ It remains to be examined whether SCS alters gene expression and translatomes in the DRG under CIPN condition.

Spinal cord stimulation has been associated with inhibitory neurotransmission that involves γ-aminobutyric acid (GABA), serotonin, norepinephrine, acetylcholine, adenosine, and endocannabinoids.^[@R33],[@R62]^ We observed downregulations of GABA reuptake-related genes (eg, *Slc6a1* and *Slc6a11*), *P2ry1, Agrn,* and *Grik5. Slc6a11* encodes GAT3, a GABA transporter expressed on glial cells that mediates GABA reuptake. These findings are consistent with a previous observation (eg, downregulation of spinal *Slc6a11* after SCS) in rats after sciatic nerve injury.^[@R55]^ GABAergic mechanisms were shown to mediate SCS-induced inhibition of excitatory amino acid release in the dorsal horn of nerve-injured rats.^[@R11]^ Accordingly, we postulate that downregulation of *GAT3* by SCS may increase GABAergic signaling that inhibits neurotransmission in PIPN rats (supplemental figure 4, available at <http://links.lww.com/PR9/A52>). GABAergic inhibition of excitatory amino acid release may involve suppression of calcium influx into presynaptic terminals.^[@R11]^ Indeed, numerous genes associated with calcium ion regulation (eg, *Grik5, P2ry1, Camk2a, Sptbn2, Cacna1g, Doc2a, Ncs1, Cacna1h, Cbarp,* and *Unc13c*) were also downregulated in paclitaxel-treated rats after SCS, which may enhance GABAergic inhibition.

P2ry1 is a subunit of P2Y receptors, which are slow G-protein-coupled ATP receptors that can increase signal duration.^[@R47]^ *Agrn* encodes agrin, which induces aggregation of acetylcholine receptors in clusters at the neuromuscular junction.^[@R42]^ *Grik5* encodes the glutamate receptor subunit KA2,^[@R56]^ and its downregulation may result in destabilization of glutamate receptors on the postsynaptic membrane and a reduction in excitatory neurotransmission from peripheral afferents. Our RNA-seq study further showed that preemptive SCS in PIPN rats is associated with downregulations of genes involved in LTP, which is associated with the development of chronic pain.^[@R17],[@R61]^ Spinal cord stimulation suppresses LTP in spinal wide-dynamic-range neurons.^[@R60]^ Camk2a, Cam2kb, and Cacng2 are linked by their association with glutamate binding, activation of AMPA receptors, and subsequent enhancement of synaptic plasticity (supplemental figure 4, available at <http://links.lww.com/PR9/A52>).^[@R20],[@R35]^ Downregulation of AMPA receptor subunits impairs spinal synaptic plasticity and attenuates inflammatory pain.^[@R19]^ Thus, downregulation of key genes linked to LTP may decrease glutamatergic neurotransmission and lead to prolonged inhibition of PIPN pain by SCS. In addition, preemptive SCS-induced downregulation of genes (*Camk2b, Hprt1, Camk2a, Agrn, Uchl1, L1cam, Celsr3, Cntnap1, Ptch1, Trak2, Mfn1, Ctnna2, Sptbn4, Kirrel3, Tbce, Etv1, Atl1, Brsk1,* and *Pdzd7*) associated with neuron projection development may further inhibit the synaptic plasticity required for the transition from acute to chronic pain state.^[@R61]^ However, future studies are needed to explore the functional implications of changes in spinal gene expression after SCS in PIPN rats, especially the impact of these transcriptional changes on molecular function, cellular excitability, and pain behavior after PIPN.

Our study has some limitations. Because male rats have been typically studied in the existing SCS literature and CIPN literature, we chose to examine males only in this original investigation. Future investigations should examine the effects of SCS in models that include females and other chemotherapeutic agents to generalize its utility for CIPN pain prevention. New SCS waveforms to optimize the amount of electric charge transmitted from the leads to the spinal cord should also be tested in CIPN pain.^[@R33]^ In addition, the effect of SCS on tumor growth should be examined in the future to enhance a possible clinical applicability.

In summary, our findings suggest that traditional SCS during paclitaxel administration may prevent the development of mechanical and cold hypersensitivity in male rats. RNA-seq analysis revealed a complex interplay of upregulated and downregulated genes in the lumbar spinal cord with SCS. Technological innovation is rapidly ongoing in the field of neuromodulation, and less invasive SCS may open the horizon for new applications. Identifying specific transcriptional pathways and targets for pain prevention may enable optimization of waveforms and reasonable selection of drugs to increase therapeutic effects of SCS. Our study represents a small first step towards molecular understanding of SCS in CIPN, which may spur the clinical development of interventions to prevent CIPN pain in the future.
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